The effect of pressure on the dissociation reaction of the TePixD decamer was investigated by high-pressure transient grating (TG). The TG signal intensity representing the dissociation reaction of the TePixD decamer significantly decreased by applying a relatively small pressure. On the other hand, the reaction rate increased with increasing pressure. The equilibrium between the pentamer and the decamer was investigated by high-pressure dynamic light scattering. The results indicated that the 2 fraction of the decamer slightly increased in the high-pressure region. From these measurements, it was concluded that the pressure-dependent signal intensity originated from the decrease of the quantum yield of the dissociation reaction of the decamer, indicating that this reaction efficiency is very sensitive to pressure. Using densimetry at high pressures, the compressibility was found to be pressure dependent even in a relatively low pressure range. We attributed the origin of the pressure-sensitive reaction yield to the decrease of compressibility at high pressure. Because the compressibility is related to the volume fluctuation, this observation suggests that the driving force for this reaction is fluctuation of the protein. The relationship between the cavities at the interfaces of the monomer units and the reactivity is also discussed. 
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INTRODUCTION
In general, proteins possess relatively large conformational flexibility. Because the protein conformation has to change during a reaction, this flexibility should be an essential factor for the reaction, and, consequently, for the biological function.
Frequently, such flexibility originates from imperfect packing of the residues or cavities inside the protein structure, and this is represented by the volume properties of the protein. 1, 2 At room temperature in solution, the flexibility leads to conformation fluctuation of the protein. Hence, the relationship between the reactivity and the fluctuation (or the volume properties) is important to understand the protein reaction mechanism. In this respect, the pressure, which is closely related to the volume properties, can be a probe for the volume properties. In fact, pressure effects on protein reactions have been studied for several decades. 3 The pressure dependence of the equilibrium constant provides information about the reaction volume, and the pressure dependence of the reaction kinetics provides information about the activation volume.
For example, pressure effects on enzymatic reactions have been reported, and show that the reaction rate depends on the pressure. [4] [5] [6] [7] [8] From the pressure dependence, the activation volume (i.e., the volume change at the transition state) was determined. In most cases, the enzymatic reactions were deactivated by high pressure (200-300 MPa), which was explained by pressure-induced structural changes. Pressure effects on the folding reactions of proteins provide information about the folding transition state, and suggest that proteins swell to a molten-globule state.
9-12
The dissociation and binding processes of small molecules (NO, O2, and CO) to/from hemeproteins have been examined by flash photolysis techniques. [13] [14] [15] These studies clearly showed that pressure effects on the reaction kinetics and the equilibrium constants are useful to elucidate the are important proteins, and are essential for most organisms from bacteria to higher plants and animals for sensing external light stimuli. 16 These photoreceptors detect a photon by their covalently or non-covalently bound chromophores, and transmit the light information. TePixD is a BLUF (sensor of blue light using the flavin adenine dinucleotide) protein that exists in the thermophilic cyanobacterium Thermosynechococcus elongatus BP-1. TePixD forms a decamer structure. 17 The UV/vis absorption change associated with the photoreaction of TePixD is typical of BLUF proteins: [18] [19] [20] [21] a spectral red shift of ~10 nm occurs upon photoexcitation within a nanosecond and recovers to the dark state in ~5 s. Our previous studies using the transient grating (TG) method revealed the spectrally silent reaction dynamics of TePixD. 22, 23 According to these studies, TePixD is in equilibrium between two oligomeric forms in the dark state: the decamer and the pentamer. Indeed, previous study showed that it is the mixture of the decamer and the pentamer within a concentration range of 50 M -200 M at the atmospheric pressure. Upon photoexcitation, it produces the first intermediate I1, which is characterized by a red-shifted absorption spectrum, and then undergoes volume expansion to produce the second intermediate I2. Although both the pentamer and decamer give these intermediates, only the decamer exhibits further reaction: it dissociates into two pentamers with an accompanied change in its diffusion coefficient (Figure 1 ). Furthermore, we discovered previously that the one monomer excitation and two monomer excitation lead different reactions by changing the light intensity. It has also been shown that transient enhancement of the fluctuation occurs during the reaction by measuring the compressibility in the time domain, 24 that is, the fluctuations of both I1 and I2 intermediates are larger than fluctuations in the ground state. According to this study, the pressure dependence of the quantum yield for the spectral shift reaction was small (∼20 decrease at 200 MPa) and the quantum yield for the volume expansion process from I1 to I2 was also insensitive to pressure.
In this study, we investigated the effect of pressure on the dissociation reaction of the TePixD decamer by the TG method, as well as by dynamic light scattering (DLS) and densimetry at various pressures. We surprisingly found that the quantum yield for the dissociation reaction was very sensitive to pressure (∼90% decrease at 100 MPa).
We explain this phenomenon in terms of the pressure-dependent fluctuation of TePixD.
As far as we know, this is the first report of the effect of pressure on the reaction quantum yield of a protein.
EXPERIMENTAL METHODS

Sample Preparation.
TePixD was expressed using a pET28a vector transformed into Escherichia coli BL21 (DE3) and purified by nickel affinity column chromatography, as reported previously. 25 In all of the measurements, the sample was prepared by dissolving in HEPES buffer (20 mM HEPES-NaOH (pH 7.5), 500 mM NaCl) and filtering through a centrifugal filter (Durapore PVDF 0. ). In most cases, the sample concentration was ~330 M.
High-Pressure Equipment for TG and DLS Measurements.
Details of the high-pressure cell used for the TG measurement in this study were described elsewhere. 26 The pressure resistance of this cell was up to 500 MPa. Although the TG signal intensity is generally very sensitive to any external perturbations, such as small movement of the cell or vibration of the sample, it was confirmed that the TG signal intensity was stable and reproducible for changing pressure and the sample exchange operation.
In the DLS measurements, we used a high-pressure cell PCI-400-DLS (Syn Corporation, Japan) that was specially designed to measure the light scattering. It had a cubic shape and three windows. Two window ports were mounted on opposite sides of the cell to introduce a laser beam, and the third large window was perpendicular to the optical axis to transmit the scattering light. The large window allowed the maximum scattering angle to be 27°. The pressure resistance of this cell was up to 400 MPa.
For both pressure apparatus, the temperature of the cell was controlled by circulating temperature-controlled water (mostly at 295 K in the present experiment).
High pressure was applied with a compact hand pump (Syn Corporation TP-501).
TG Measurements.
Details of the principle have been described elsewhere. [27] [28] [29] [30] Briefly, in the TG method, two laser pulses are introduced into the sample solution, which is incorporated into the high-pressure apparatus. The intensity (ITG) is proportional to the square of the generated refractive index change (n) arising from the temperature change (thermal grating, nth), volume change (nV), and absorption change (npop). The experimental setup for the TG measurement was similar to that reported before. 24, 26 The TG signals were monitored after photoexcitation by a XeCl excimer laser-pumped dye laser beam (Lambda Physik CompexPro102; λ = 308 nm, Lumonics
Hyper Dye 300; λ = 462 nm). This light was detected by a photomultiplier tube (R1477, Hamamatsu, Japan). A CW diode laser (835 nm, Crysta Laser) was used as the probe beam. The grating wavenumber q was determined from the decay rate of the thermal grating signal of a calorimetric reference sample (bromocresol purple in water) measured under the same conditions. The signal was fed into a digital oscilloscope (TDS-7104; Tektronix) and averaged, usually 20-100 times. The repetition rate for excitation was set to 0.04 Hz, which is slower than the dark recovery time of TePixD (~5 s). 25 Whenever the pressure was changed, we always reset the pressure to 0.1 MPa to check the reproducibility of the signal. It was confirmed that the TG signals were always completely reproducible to the pressure change.
DLS Measurements.
The DLS experiment was performed with a fiber-optics-based correlator (FDLS-3000, Otsuka Electronics). The sample solution was encapsulated in a high-pressure inner cell composed of quartz and silicone tubes (sample volume ~300 L), and that inner cell was placed inside the high-pressure apparatus. Continuous 532 nm laser light was transmitted through the tube, and the scattered light was detected by a photomultiplier tube at an angle of 90°. The autocorrelation function was averaged 300 times. The scattering vector was calculated by a similar method to that reported before. . Pressure was applied by pumping water with a hand pump (FHP-5, Riken Seiki, Tokyo, Japan) and a cylinder (S04-70, Riken Seiki). The pressure was monitored using a digital pressure gauge (DPS-700S, Riken Seiki) with an accuracy of 0.001 MPa. The temperature was controlled to within 0.001 °C using a thermocirculator (TC-100, Tokyo Riko, Tokyo, Japan), and was monitored with a digital thermometer (4600, YSI, USA). All data were fed to a personal computer at 10 s intervals via a RS-232C interface. The apparatus constant and density were determined according to previously described procedures. 31 The apparent specific volume of the protein (v The obtained m was approximately 13.7-14.8 mg/mL from the density measurements.
Cross-Linking Experiments under High Pressure. The oligomeric state of
TePixD at high pressure was investigated by cross-linking experiments using glutaraldehyde (GA), which specifically reacts with a primary amine group (i.e., -amino groups of Lys residues) and forms stable covalent bonds among the inter-and intra-subunits. The TePixD solution (330 M) was mixed with GA and the final concentration of GA was set to 0.5 mM. The reaction mixture was incubated at 0. 
Calculation of the Protein Volume. The solvent excluded volume of TePixD
was calculated from the X-ray crystal structure 17 by NSOL program. 32 The distributions of the cavities within the TePixD decamer are calculated by the "3V: cavity, channel and cleft volume calculator and extractor" (3V) program on the web server, 33 based on the same X-ray crystal structure. 17 The probe radius used for the solvent water was 1.5 Å. In the calculations by 3V program, a high grid resolution for the structure (voxel size 0.5 Å) was used.
RESULTS
Pressure-Dependent Reaction of TePixD. The reaction scheme of TePixD has
been revealed by the TG method in a wide time range. 22 The TG signal consists of three components: the thermal grating component (decay rate constant Dthq Interestingly, the intensity of the signal drastically decreased with a slight increase in pressure. To investigate the origin of the pressure dependence of the signal without any ambiguity, we analyzed the signal as follows. First, we analyzed the signal at 0.1 MPa .
Because the decamer and pentamer are in equilibrium in the solution, the diffusion signal should be expressed as a sum of the decamer and pentamer contributions: (1) where is a constant, n10(t) and n5(t) are the time dependences of the refractive index changes after photoexcitation of the decamer and the pentamer, respectively. According to a previous study, 
where DI, DPr, and DR are the diffusion coefficients of the intermediate, product, and reactant, respectively, and n are the corresponding refractive index changes of these species.
At the grating wavenumber in Figure 2 , because the protein diffusion signal appeared in a much slower time (~subsecond) than the dissociation reaction time of the decamer (~4 ms 22 , as shown in section 3.2), the effect of the reaction kinetics on the diffusion signal can be ignored (i.e., k >> DIq 2 and exp(−kt) ≈ 0 in eq 2). Therefore, n10(t) could be be simply expressed by the diffusion of the reactant and the product:
On the other hand, because photoexcitation of the pentamer does not exhibit any diffusion change, the signal owing to the pentamers (n5(t)) is expressed by a single exponential function with a rate constant of D5q where n5 is the refractive index change of the pentamer reaction. Therefore, the molecular diffusion signal at pressure P should be written as
where we use (P) on the right-hand side to clearly show the pressure-dependent amplitudes of these terms. To investigate the pressure effect on the reaction, at first, we determined DPr and DR under the present conditions by biexponential fitting of the signal at 0.1 MPa to eq 4. To remove any ambiguity, we fixed the ratio of D (i.e., DR/DPr) to 1.5, which was determined in a previous study. However, when the signals were normalized by the signal intensity measured at the low q 2 (f(P) in Figure 3 ), we found that the signal intensity increased with increasing pressure (Figure 4, inset) . This tendency can be explained by the pressure dependence of the reaction rate. Because the signal intensity should be weak before the reaction begins and gradually increase as the reaction proceeds, this increase must be because of increase of the reaction rate. To extract kinetic information, we analyzed the signal using 0.1 exp
where n10(0.1)(t) is a function of eq 2 at 0.1 MPa, and the pressure-dependent amplitude was taken into account by the factor f(P). First, we fitted the signal at 0. (determined in section 3.1), and
Using these values, we determined the relative refractive index changes (nR, nI, and nPr) in n10(0.1)(t) (eq 2). To fit signals at higher pressures using eq 5, D, nR, nI, and nPr were fixed to the determined values at 0.1 MPa, and f(P) was also fixed to the predetermined values in Figure 3 . Therefore, fitting to eq 5 now has only two adjustable parameters, k and n5(P), for the analysis at higher pressures. Because of this constraint, k was uniquely determined at each pressure. The pressure dependence of k determined in the pressure range 0.1-50 MPa is shown in Figure 5 (it was difficult to uniquely determine k above 50 MPa because the molecular diffusion signal was too weak for accurate determination). . Black solid lines are the best fitted curves using eq 6.
Because this autocorrelation profile should be expressed by the diffusion of the decamer and the pentamer, these profiles were fitted using the following function:
where a, b, and c are pre-exponential factors. The last term of the right-hand side represents the contribution of unavoidable dust in the solution. The rate constant k3 is much (~100 times) smaller than the other rate constants, and hence this term can be easily separated from the other terms. In this expression, a and b represent the relative amplitudes of the decamer and pentamer contributions, respectively. As stated above, D5
should be the same as DPr, so DPr and DR were fixed to the values determined by the TG diffusion signal (DR = 4.5 × 10 Quantitatively, using a and b, the fraction of the decamer (f10) is expressed as /
The values at various pressures are plotted in Figure 7 . Figure 7 shows that f10 increased with increasing pressure, which indicates that the dark-state equilibrium between the decamer and pentamer shifted toward the decamer with increasing pressure. The pressure dependence of f10 was also analyzed. Using the degree of dissociation of the decamer (), f10 can be written as (also see SI-3)
This -value at a pressure P is given by . This result reflects the molecular volume expansion upon dissociation, that is, the partial molar volume of the product (two pentamers) is larger than that of the reactant (decamer). ). 24 If we assume that there is no volume change upon dissociation, that is, nI−nPr = 0, the best-fitted signal cannot reproduce the signal, as shown by the dashed line in Figure 8 . Therefore, we must consider the volume change upon this reaction. The best fitted curve using eq 9 is shown by the solid line in According to the reaction scheme of TePixD (Figure 1) , the photoexcited TePixD initially gives the spectrally red-shifted intermediate species, and then a conformation change (volume change) and dissociation reaction occurs. Previously, it was reported that the pressure dependence of the yield of the red-shifted species is small, and the volume change reaction with 40 s time constant does not depend on the oligomeric state regardless of whether TePixD is in the decamer form or pentamer forms. 22, 24 Therefore, the observed significant pressure dependence of the dissociation reaction occurs after the 40 s conformation change.
Volume Change upon Photodissociation
One possible origin of the pressure-dependent quantum yield for the dissociation reaction could be a pressure induced conformation change of the monomer unit.
However, because the absorption spectrum does not change at all with applied pressure until 200 MPa, 24 the conformation change at least around the chromophore can be ignored. In many protein systems, secondary structure changes are observed for P >500 MPa. 36 The tertiary structure often starts to change at P > 200 MPa. 37 Hence, in the relatively low pressure range below 200 MPa, we consider that volume changes originating from the cavities of the protein are important, because cavities can be easily compressed. [38] [39] [40] [41] [42] [43] If this is the case, we may see pressure-dependent compressibility (T because the presence of cavities enhances T.
The above discussion may be reasonable because of the following consideration.
Previously, we reported that the dissociation reaction is controlled by fluctuation. 24 This conclusion was drawn because of an observed correlation between the light-intensity-dependent reaction yield and the fluctuation. The TePixD decamer cannot undergo dissociation when its multiple monomers are simultaneously excited under strong excitation. 34 We also showed that the compressibility change of the TePixD decamer becomes smaller under multiple excitations (i.e., when the dissociation reaction is suppressed) than the case of one monomer excitation (i.e., when the reaction occurs). Considering the importance of the fluctuation, we suspect that the pressure-dependent compressibility may be a cause of the observed pressure-dependent reactivity. In this case, the absolute value of the compressibility, not the relative value from the ground state, could be important. To test this possibility, we measured the protein volume at various pressures by the densimetric approach. 
where R is the gas constant, T is the temperature, and δ 〈 〈 〉 〉, (<V> is the average of quantity V), 44 the smaller T at higher pressures means that the structural fluctuation of the TePixD decamer (and pentamer) was suppressed by the pressure.
DISCUSSION
We found that the equilibrium of the TePixD oligomers shifts to the decamer by applying pressure, indicating a positive volume change upon dissociation. Indeed, this volume change was determined to be Vdis = 30 cm . Interestingly, however, in many cases, protein oligomers are likely to dissociate into subunits under high pressure, because of the negative volume change upon dissociation, which is often explained by the disappearance of cavities at the interface of the subunits and the hydration change. 37, 45 On the other hand, if the protein is a rigid sphere, the positive volume change upon dissociation is natural, because the solvent exclusion volume at the interface increases upon dissociation. We calculated the volume difference between two pentamers and one decamer based on the crystal structure of the TePixD decamer using the NSOL program. 32 Using the crystal structure (1X0P in PDB) 17 , the solvent excluded Therefore, the volume change by dissociation using the crystal structure is Vdis = 3713 ). These two contributions may be a cause of the observed small volume change upon the dissociation.
However, these two changes cannot be sole changes upon the dissociation. The disappearance of the cavities and increase of the hydration generally cause a decrease of the compressibility. 38, 51 Hence, both of these contribution cannot explain the observed compressibility increase; T= 0.21 cm ), which might mean that the conformation change of the pentamer unit is not complete in the transition state.
Compressibility is a thermodynamic parameter that is directly related to volume fluctuation (eq 10), although this relationship is only strictly applicable to the intrinsic volume and not the specific volume. 53 However, we discuss the magnitude of the volume fluctuation using this relationship because it has been used to discuss the fluctuation of proteins and is frequently found to correlate with the reactivity. 38, 51, 52, 54, 55 In the pressure range from 0.1 to 10 MPa, the compressibility was 98 cm MPa. It was reported that the Vrms values of 24 globular proteins were widely dispersed in the range 0.12%-0.54% of the total protein volumes, 37 and was about 0.3% on average. 38, 51 The magnitude of the volume fluctuations obtained here (0.38% at 0.1 MPa and 0.17% at 30 MPa) are within this range of variation. Interestingly, this means that the structure of TePixD changes from a relatively "soft" globular protein to a relatively "hard" globular protein.
It is difficult to believe that the observed large pressure-dependent compressibility within 30 MPa originated from a large (secondary or ternary) structure change of the monomer unit in this small pressure range. 36, 37, 41 Because protein-protein interactions are generally more sensitive to pressure than the tertiary structure, 37 we believe that this The distributions of the cavities at such interfaces are calculated by the 3V program 33 and shown in Figure 12 . Because the cavities are rather easily compressed by pressure, they positively contribute to the compressibility. 39, 42, 51 The significant decrease of the compressibility by pressure observed here can be attributed to the decrease of the cavities (compression of the cavities) in these areas or entering water molecule in these cavities.
If the cavities at the H-interface are compressed by the pressure, this may cause friction for the movement of the interface. Because movement of this interface is essential for dissociation, this may subsequently decrease the efficiency of dissociation.
If the cavities at the V-interface are compressed, this compression may affect the movement of the C-terminal extension helix (3 helix, red helix in Figure 12 ), which is located around the V-interface and has been reported to be important for the light-induced structural change of BLUF proteins. [56] [57] [58] [59] This C-terminal helix may move upon light excitation. 58 If such structural change contributes to the dissociation reaction, the compression of the cavities between the monomer units will restrict the conformational change of the C-terminal helix, which may prevent dissociation of the decamer. We believe that compression of cavities between the pentamer rings and within the pentamer ring by pressure are the cause of the decrease of the dissociation reaction yield.
CONCLUSIONS
The pressure effect on the dissociation reaction of the TePixD decamer was investigated by high-pressure transient grating and high-pressure DLS. It was found that the quantum yield for the dissociation reaction significantly decreased by applying a relatively small pressure. The origin of this pressure effect was investigated by densimetry at high pressures, and it was found that pressure-dependent compressibility occurred. We attribute the origin of the pressure dependence of the reaction yield to be the compression of cavities between the monomer units. The present study shows that the fluctuation is the driving force for the dissociation reaction of the TePixD decamer.
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